Low-threshold, room-temperature polariton lasing is crucial for future application of polaritonic devices. Conjugated polymers are attractive candidates for room-temperature polariton lasers, due to their high exciton binding energy, very high oscillator strength, easy fabrication, and tunability. However, to date, polariton lasing has only been reported in one conjugated polymer, ladder-type MeLPPP, whose very rigid structure gives an atypically narrow excitonic linewidth. Here, we observe polariton lasing in a highly disordered prototypical conjugated polymer, poly(9,9-dioctylfluorene), thereby opening up the field of polymer materials for polaritonics. The long-range spatial coherence of the emission shows a maximum fringe visibility contrast of 72%. The observed polariton lasing threshold (27.7 μJ∕cm 2 , corresponding to an absorbed pump fluence of 19.1 μJ∕cm 2 ) is an order of magnitude smaller than for the previous polymer polariton laser, potentially bringing electrical pumping of such devices a step closer.
INTRODUCTION
Strong coupling between an exciton transition and a resonant cavity mode results in a bosonic quasi-particle, known as a cavity polariton [1] [2] [3] . The single-particle Hamiltonian for this system has in fact two new eigenstates-the lower and upper polariton branches (LPB and UPB). Due to the finite lifetime of polaritons, which is primarily caused by their photonic component, polaritons escape from the cavity and require pumping to maintain a steady population. Polaritons scatter along the LPB to lower energy states and can eventually accumulate in the common ground state. Stimulated scattering into a macroscopically occupied state leads to coherent light emission which is defined as polariton lasing [4] [5] [6] . Unlike conventional photon lasers, population inversion is not necessary for polariton lasing [7] , which can lead to significantly lower thresholds [8] .
Polariton lasing was first explored in inorganic semiconductor microcavities, where polariton condensation was observed [2, 4, 9, 10] . Owing to the low binding energy of Wannier-Mott excitons in typical inorganic semiconductors, polariton lasing has been mainly demonstrated at cryogenic temperatures, with only a few exceptions at room temperature in ZnO [11, 12] , GaN [8, [13] [14] [15] , and perovskite nanoplatelets [16] . In comparison, organic semiconductors have high exciton binding energy and high oscillator strength, which are helpful for demonstrating stable room-temperature polariton lasing [17] , and can be designed to emit across the visible spectrum. To date, a few organic materials have been studied for polariton lasing in planar dielectric microcavities, including crystalline anthracene [18] , 2,7-bis [9,9- di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl) fluorene [19] , a ladder-type poly(p-phenylene) polymer [20] , a fluorescent protein [21] , and most recently a molecular dye [22] .
Conjugated polymers are particularly interesting for optoelectronic applications because they combine favorable optoelectronic properties with simple deposition from solution. They have been successfully used for a range of optoelectronic devices, including organic light-emitting diodes [23] , solar cells [24] , and lasers [25] . However, only one conjugated polymer has so far been reported to support polariton lasing [20] . This used the very rigid laddertype conjugated polymer, MeLPPP, which has an unusually narrow excitonic linewidth with spectrally resolved vibronic replicas. Here, we show that the inhomogeneously broadened excitonic transition of the widely used poly(9,9-dioctylfluorene) (PFO) can strongly couple to the photon mode in a planar microcavity composed of distributed Bragg reflectors (DBRs) and exhibit evidence for low-threshold polariton lasing at room temperature based on a systematic characterization of the system [26] [27] [28] .
METHODS
A. Sample Fabrication concentration of 16 mg/mL and stirred overnight at 60°C. To obtain amorphous films (i.e., exclude formation of β-phase), the solution was heated on a hot plate at 110°C for 3 mins immediately prior to spin-coating. The bare film was spincoated onto fused silica substrates for absorption, photoluminescence (PL), PL quantum yield (PLQY), and refractive index measurements.
For fabrication of microcavities, 10.5 pairs of Ta 2 O 5 ∕SiO 2 with thicknesses of 46.5 nm and 69.7 nm were deposited by radiofrequency magnetron sputtering onto fused silica as the bottom DBR. The center of the cavity was a 135-nm-thick PFO film, sandwiched between two 10-nm-thick SiO 2 layers. The top DBR was composed of 6.5 pairs of Ta 2 O 5 ∕SiO 2 using the same layer thicknesses as the bottom DBR. The entire process of microcavity fabrication was completed in a glovebox filled with nitrogen.
B. Characterization
The thickness and refractive index of PFO films and the transmission of DBRs were measured with spectroscopic ellipsometry (J.A. Woollam Co., Inc. M-2000DI). The absorption and emission spectra of the bare PFO film were measured with a Cary 300 UV-Vis spectrophotometer and an Edinburgh Instruments FLS980 spectrometer, respectively. The absolute PLQY measurement was performed using an integrating sphere in a Hamamatsu Photonics C9920-02 system [29] . The angle-resolved reflectivity from 0°to 40°was measured using a Fourier imaging microscope illuminated by polarized light from a Xenon lamp with a linear sheet polarizer. The reflected light was collected by a microscope objective (with magnification of 40 × and numerical aperture of 0.65) and then was detected by an Andor Shamrock 500SR CCD spectrometer. Due to the limitation on spectral transmittance through the microscope objective, there is no valid data in the ultraviolet region (<400 nm). Reflection data at higher angles, from 40°to 74°, in a wide spectral range (190-1700 nm) were obtained using the ellipsometer while illuminating samples with p-polarized white light.
The power-dependent angle-resolved PL measurement was performed using the same Fourier imaging microscope described above but with the microcavity pumped non-resonantly from the substrate side close to normal incidence. The PL was resolved using a 1200 grooves/mm grating in both spectra and angle. Vertically polarized excitation light at 343 nm was provided by the third harmonic of a Light Conversion Pharos laser. The pulse duration was 200 fs with a repetition rate of 5 kHz. The laser beam was a circular Gaussian spot of 175 μm diameter. A 400 nm long-pass filter was placed in front of the spectrometer to block the residual transmitted excitation laser beam. The absorbed threshold of polariton lasing is estimated from the incident lasing threshold by considering the absorbance of the PFO film in a round trip of the cavity and the transmittance of bottom and top DBRs [ Fig. 1(b) ]. Real-space images of light emission from the microcavity were measured using the spectrometer CCD camera, by removing the Fourier transform lens in the setup, opening the entrance slit completely, and aligning the grating to reflect the zeroth order to the camera.
For the spatial coherence measurements, microcavities were excited by the same laser, but were incident through a UV transmitting 40× microscope objective with a numerical aperture of 0.60 in reflection geometry, reducing the pump beam size to 24 μm in diameter. Emission from the microcavities was collimated by the objective and then split into two paths in a home-built Michelson interferometer with a non-polarizing cube beam-splitter. The Michelson interferometer included in a hollow retroreflector, used to invert the emission spot before interfering with the reference beam on the spectrometer CCD. A pair of color filters were used to block transmitted UV and residual infrared light from the excitation beam. All measurements were carried out at room temperature in air, but an external optical shutter was synchronized with the signal acquisition process of the spectrometer to reduce unnecessary photo-oxidation by the pump laser.
C. Fringe Visibility Contrast Fitting
The line profile of the interferogram was taken perpendicular to the fringes. The background signal was removed during the data acquisition process. The condition of measurements for images from separate interferometer arms and combined arms was kept the same. The line profile of the fringes was fitted by
where LP 0 is the sum of the emission intensity of line profiles taken from the same position in real-space images measured through each interferometer arm individually, jaj is the fringe visibility contrast, d is the fringe spacing, and ϕ is a phase offset.
RESULTS AND DISCUSSION
PFO [see Fig. 1(a) ] is a prototypical polymer in which the interchain bonding is highly sensitive to processing conditions, leading to different conformations with different photophysical properties [30] [31] [32] [33] . The glassy amorphous form of the polymer was selected for the active layer of the polariton lasers reported here because of its homogeneous morphology within the film plane [31, 33] . The absorption spectrum [ Fig. 1(b) ] exhibits an inhomogeneously broadened excitonic peak at 382 nm, while the emission spectrum shows partially resolved vibronic peaks at 424, 449, and 480 nm. The PFO thin films used in this study showed a high PLQY of ∼50%.
The microcavities [ Fig. 1(c) ] were composed of a single layer of spin-coated PFO with 10-nm-thick SiO 2 underneath and above sandwiched between two dielectric mirrors (see also Section 2) . The bottom and top DBRs were designed to have broad stopbands to cover the absorption and the main emission peaks, while having a high transmittivity to the excitation laser operating at a wavelength of 343 nm. The finesse and quality factor of the microcavities were calculated using the measured reflectivity of the mirrors to be ∼244, corresponding to an intra-cavity photon lifetime of 69 fs (see Supplement 1 Section 1).
The p-polarized angle-resolved reflectivity measured for a microcavity with a 135-nm-thick PFO film is shown in Fig. 2 . To trace the full angular dispersion of the modes, the reflectivity was recorded from normal incidence up to 74°by a combination of Fourier imaging and ellipsometry as explained in Section 2. The positions of reflectivity minima identified on the individual spectra (see Supplement 1 Section 2, Fig. S1) are marked by open circles and squares in this map as a guide to the eye. The two dispersive features are identified as the LPB and UPB and indicate strong coupling between the excitonic transition at 3.246 eV (white dashed line) and the cavity resonance. Using a coupled oscillator model (see Supplement 1 Section 3), dispersive curves (yellow dotted lines) which match with the measured dispersion can be obtained. The coupled oscillator model also yields the position of the empty cavity mode (shown as solid white line in Fig. 2 ). We obtain a coupling strength (half Rabi splitting) of 261 meV for a cavity detuning of Δ −254 meV, corresponding to a 28% exciton fraction at the bottom of the LPB (Supplement 1 Fig. S2 ). The UPB is only visible at high angles due to absorption from uncoupled dark states in the disordered system, which have previously been seen in both inorganic and organic systems [19, 34, 35] . A transfer matrix model based on measured refractive index data (Supplement 1 Fig. S3 ) also shows good agreement with the measured dispersion (Supplement 1 Fig. S4 ).
The microcavity was then pumped non-resonantly at a wavelength of 343 nm by a pulsed laser with duration of 200 fs, repetition rate of 5 kHz, and beam diameter of ∼175 μm. The light emission was measured using a Fourier imaging setup, and the angular PL dispersion at different excitation densities is shown in Figs. 3(a)-3(c) . At an incident pump fluence of 4.3 μJ∕cm 2 (0.2P th ) [ Fig. 3(a) ], the observed emission overlaps well with the measured reflectivity dispersion of the lower polariton (dashed curve), indicating the emission originates from the LPB.
The emission is most intense at the in-plane wavevector k == 0 and decreases in intensity gradually towards high emission angles, which is caused by the reduction of photonic fraction along the LPB (Supplement 1 Fig. S2 ). On increasing the excitation energy to 19.7 μJ∕cm 2 (0.7P th ), the emission narrows in both energy and angle [ Fig. 3(b) ]. When the incident pump fluence is increased to 33.8 μJ∕cm 2 (1.2P th ), the lower polariton population occupies only energy states near the bottom of the branch [Fig. 3(c) ]. We note that the dispersion of emission is well separated from the uncoupled cavity mode (white solid line), and the massive occupation of the lower polariton ground state signifies the emergence of polariton lasing [36] . The same plots but in logarithmic scale are shown in Supplement 1 Fig. S5 .
We observe that the real-space emission area grows with increasing pump fluence below threshold, and collapses above threshold to a small spot of 52 μm diameter which is one-third of the diameter of the pumped region [ Figs. 3(d)-3(f ) ]. This behavior follows a similar pattern to that reported in Ref. [19] . The collapse of the emission spot above threshold may be due to the reservoir-mediated instability of exciton-polariton condensates [37, 38] .
The power-dependence of the lower polariton emission at normal incidence (k == 0) is shown in Fig. 4 . The emission peak is seen to narrow and continuously blue-shifts with increasing pump fluence comparing with the spectrum at the lowest pump fluence [ Fig. 4(a) ]. Figure 4 (b) plots integrated areas from 3.04 eV to 2.77 eV as a function of pump fluence. The intensity of the lower polariton emission increases much faster above an incident pump threshold density of 27.7 μJ∕cm 2 , along with a reduction in linewidth from 3.8 meV to 1.9 meV, indicating the transition from a linear regime to a nonlinear regime [ Fig. 4(b) ]. On further increasing the pump fluence, the spectral linewidth broadens again, an effect that has also been described for other organic and inorganic polariton lasing microcavities [4, 19] and that is likely to be due to self-interaction-induced decoherence and multimode lasing [39, 40] . The occupancy of lower polaritons has also been extracted in Fig. S6 (Supplement 1) to show the thermalization of polaritons. Plotting the peak energy shift as a function of excitation fluence shows a blue-shift of the emission peak by around 3 meV at the highest excitation density [ Fig. 4(c) ]. This blue-shift may be attributed to repulsive self-interaction between polaritons [19] [20] [21] [22] 41] , but we cannot rule out the contribution of other mechanisms.
Another important feature of polariton lasing is the emergence of long-range coherence. Long-range coherence can be obtained by interfering the real-space emission using a Michelson interferometer in which one arm is replaced by a retroreflector [4] . The power dependence of interferograms is shown in Fig. 5 . When the pump fluence is below threshold at 9.9 μJ∕cm 2 [ Fig. 5(a) ] no fringes are observed except for a small autocorrelation spot in the center, which shows that there is no long-range order below threshold. Near threshold (18.3 μJ∕cm 2 ) [ Fig. 5(b) ], the emission spot becomes more clearly defined in the center of the pump region, and interference fringes appear. When the pump intensity is increased further to 27.5 μJ∕cm 2 [Fig. 5(c) ], the emission spot matches the shape of pump beam and the fringes spread over the entire pump region along a distance over 10 μm (see also Supplement 1 Section 7, Fig. S7 ). We fitted the intensity profiles of the measured fringes with a cosine function multiplied by the sum of the emission intensity profiles from the two individual arms. This fit obtains a maximum fringe visibility contrast of 72% [ Fig. 5(d) ]. The spatial coherence can be further increased by expanding the pump beam size from 24 μm to 41 μm (see Supplement 1 Fig. S8 ).
In Fig. 6 we plot the emission peak intensity of the interferograms obtained at the same sample location in two sequential measurements as a function of the pump fluence. The peak intensity exhibits a nonlinear behavior above 16.3 μJ∕cm 2 (or 17.2 μJ∕cm 2 in the second run), similar to the polariton lasing threshold defined by the integrated intensity of spectrum at k == 0. The corresponding fringe visibility increases from a value of 8% (attributed to noise) to a maximum of 72% at 1.7P th . When the pump fluence is further increased in these two measurements, the peak intensity grows more gradually while the fringe contrast starts to decrease, indicating a decoherence process induced by polariton-polariton interactions rather than photobleaching effects.
CONCLUSION
We observe polariton lasing at room temperature from a microcavity containing a spin-coated PFO film. The excitonic transition of PFO strongly couples to the cavity mode as evident from the measured and calculated dispersion of the LPB and UPB. The nonlinear increase of emission intensity, blue-shift of emission, decrease of linewidth at k == 0, and the build-up of long-range coherence provides evidence for polariton lasing. Unlike photon lasing, the polariton emission is 164 meV red-detuned from the bare cavity mode. Our work shows that low-threshold room-temperature polariton lasing is possible in conjugated polymers with inhomogeneously broadened absorption. The observed polariton lasing threshold of 27.7 μJ∕cm 2 , corresponding to an absorbed threshold of 19.1 μJ∕cm 2 , is one order of magnitude lower than that reported for the ladder-type poly(p-phenylene) conjugated polymer. A reduction in threshold is a crucial step towards future realization of electrically pumped polariton devices for optoelectronics [14, [42] [43] [44] .
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